Background: Insufficient sleep and poor sleep quality, considered endemic in modern society, are associated with obesity, impaired glucose tolerance and diabetes. Little, however, is known about the consequences of insufficient sleep and poor sleep quality during pregnancy on glucose tolerance and gestational diabetes.
Background
Insufficient sleep duration and poor sleep quality are considered to be endemic in modern society. Findings from epidemiological and animal experimental studies indicate that chronic partial sleep loss is associated with increased risks of obesity and a myriad of obesity-related disorders including impaired glucose tolerance, hypertension, diabetes, metabolic syndrome, coronary heart disease, stroke and premature mortality [1] [2] [3] [4] [5] [6] [7] [8] . The impact of short sleep duration on the risk of diabetes has been shown in several epidemiological studies, with significant increases in the incidence of diabetes among individuals who report habitual short sleep duration and those who report having difficulty maintaining sleep [4, [9] [10] [11] . Moreover, accumulating evidence link habitual snoring and sleep apnea, both part of a spectrum of sleep-related breathing disorders, with cardiometabolic abnormalities that include hypertension, dyslipidemia, obesity, hyperglycemia, insulin resistance and type 2 diabetes [2, 7, [12] [13] [14] [15] . Although the exact mechanisms underlying these associations have yet to be fully elucidated, evidence from experimental studies suggest that insufficient sleep and sleep fragmentation result in metabolic and neuroendocrine alterations, particularly alterations in the hypothalamic-pituitary adrenal (HPA) axis, that may contribute to the development of impaired glucose tolerance, insulin resistance and type 2 diabetes mellitus [16] [17] [18] [19] [20] . Moreover, experimental studies in humans [21, 22] and animals [23, 24] have demonstrated that intermittent hypoxia, known to occur in sleep apnea, exerts adverse effects on glucose metabolism. Most sleep studies, however, have excluded pregnant women; hence very little is known about how insufficient sleep and sleep disordered breathing during gestation contribute to increased risks of medical complications of pregnancy including gestational diabetes mellitus (GDM).
To the best of our knowledge no one has evaluated the impact of sleep duration and snoring on maternal glucose metabolism in pregnancy. In this pilot study, we assessed associations of maternal self-reported sleep duration and snoring during early pregnancy with glucose intolerance and a diagnosis of GDM later in pregnancy. We analyzed maternal plasma glucose concentrations 1 hour after a 50-gram oral glucose challenge as part of routine midpregnancy screening for GDM. We hypothesized that maternal habitual short sleep duration and snoring during early pregnancy were positively associated with post load glucose concentrations later in pregnancy and with an increased risk of clinically diagnosed GDM.
Methods

Study population and setting
This preliminary (pilot) study is based on data collected from a cohort of women attending prenatal care clinics affiliated with Swedish Medical Center in Seattle, Washington. The cohort study was designed to evaluate the influence of maternal diet, physical activity and the other life style factors on the occurrence of preeclampsia, gestational diabetes mellitus and other adverse pregnancy outcomes. Eligible women initiated prenatal care before 20 weeks gestation, were 18 years of age or older, could speak and read English, and planned to carry the pregnancy to term and to deliver at either hospital. At 14 weeks gestation, on average, participants reported sociodemographic, behavioral, and health characteristics in a structured interview. After delivery, study personnel abstracted data from participants' hospital labor and delivery medical records and clinic records. Between December 2003 and July 2006, 1,393 (82%) of 1,685 approached women consented to participate. We sequentially excluded 12 women with early pregnancy losses, 52 who were lost to follow-up, and 23 who did not complete the interview. We also excluded 16 women with pre-gestational diabetes. Thus, 1,290 women remained for analysis. All study procedures were approved by the Institutional Review Board of Swedish Medical Center. All participants provided written informed consent.
Description of covariates
At the time of enrollment in the study, a 45 to 60-minute structured questionnaire was administered by a trained interviewer. Information on medical and reproductive histories and sociodemographic and lifestyle characteristics including average number of hours of sleep before and during early pregnancy was collected. Maternal average nightly sleep duration during pregnancy was ascertained by asking women the following question: "Since becoming pregnant, how many hours per night do you sleep?" A similar question was asked for sleep duration before pregnancy. Responses were recorded as integers. For bivariate analyses, we classified participants into 4 sleep duration categories: ≤ 4, 5-8, 9, and ≥ 10 hours, respectively. The cut-points were based on categorizations used in prior research [4, 11] . Given that pregnant women, particularly those in the first trimester, are known to require 30-45 more minutes of sleep per night than their non-pregnant counterparts [25] [26] [27] , we a priori defined those women who reported sleeping 9 hours per night as the reference group. Sleep disordered breathing during pregnancy was assessed by asking women about the frequency of snoring during the index pregnancy. Specifically they were asked "Since becoming pregnant, when you are asleep, to the best of your knowledge, have you snored?" Responses were as follows: (i) all of the time, (ii) most of the time, (iii) some of the time, (iv) a little of the time, and (v) none of the time. From this information, we categorized participants as snoring if their reported snoring most or all of the time; all other women were classified as non-snorers. Pre-pregnancy weight and height were also based on self-reports made during the interview. Pre-pregnancy body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared.
In our study setting, according to the recommendations from the American Diabetes Association (ADA) [25] , all pregnant women were screened at 24-28 weeks gestation using a 50 gram 1-hour oral glucose challenge test. Those patients who failed this screening test (glucose ≥ 140 mg/ dl) were then followed-up within 1-2 weeks with a 100 gram, 3-hour oral glucose tolerance test (OGTT). We abstracted laboratory results from participants' 50 gram 1-hour glucose challenge test and from the diagnostic 100 gram 3-hour OGTT. Women were diagnosed with GDM if two or more of the 100 gram OGTT glucose levels exceeded the ADA criteria [28] as follows: fasting ≥ 95 mg/dl; 1-hour ≥ 180 mg/dl; 2-hour ≥ 155 mg/dl; 3-hour ≥ 140 mg/dl.
Statistical analytical methods
We compared the frequency distribution of sociodemographic, lifestyle, behavioral and medical history characteristics of participants according to GDM diagnosis status. We assessed glucose intolerance by analyzing results of the 1-hour oral glucose screening test results. Linear regression procedures were used to estimate maternal mean 1-hour glucose concentrations while adjusting for confounding by maternal age and race/eth-nicity. We fitted generalized linear models, using a loglink function, to derive relative risk (RR) and 95% confidence intervals (95% CIs) [29, 30] of the associations between sleep duration and snoring variables with glucose intolerance and GDM risk. Separate models were fitted for sleep duration and snoring. We evaluated confounding due to several maternal characteristics. We selected potential confounders from a list of variables that were associated with sleep duration and snoring (from prior studies conducted among men and non-pregnant women) and that met criteria for confounding based on a review of the literature and assessment of potential causal relationships based on prior knowledge. We then controlled for potential confounders that changed multivariable RRs by more than 10% relative to the unadjusted RR [31] . On the basis of these criteria, we controlled for maternal age and race/ethnicity. None of the other variables listed in Table 1 were found to be confounders. Gestational age at enrollment or interview was not a confounder in this study. Given that this is the first study to be conducted among pregnant women, and that prepregnancy BMI may reasonably be considered a confounder or a covariate along the causal pathway between maternal habitual sleep behaviors and GDM, we were careful to assess the potential independent contributions of the sleep variables (from pre-pregnancy BMI). The distinction is important because adjustment for covariates along the causal pathway may spuriously attenuate estimates of association. Therefore, we constructed additional models that simultaneously adjusted for prepregnancy BMI. We also reported results after stratification so that we (and readers) could assess associations (even with a fair amount of statistical imprecision) without an over-reliance on model-based assumptions. In keeping with prior studies that sought to assess the extent to which adiposity modified associations between sleep disorders and abnormal carbohydrate metabolism [1, 2, 4, 5, 18] , we also evaluated the joint effect of pre-pregnancy overweight status and snoring on GDM risk. For these analyses, we classified women by the joint distribution of pre-pregnancy lean or overweight status (<25 vs. ≥ 25 kg/m 2 ) and snoring during early pregnancy (no vs. yes) thus resulting in the following categories: lean and nonsnorer (the reference group); lean and snorer; overweight and non-snorer; and overweight and snorer. All analyses were performed using Stata 9.0 statistical software (Stata, College Station, TX). All reported p-values are twotailed.
Results
Approximately 5.3% of the study cohort developed gestational diabetes mellitus (68 of 1,290). The socio-demographic characteristics of the study cohort (overall and by GDM status), are presented in Table 1 . Overall, participants included in this analysis tended to be Caucasian, well-educated, and married. GDM cases were older, and heavier than women who did not develop the disorder. Cases were less likely to be of non-Hispanic White race/ ethnicity than non-cases.
A curvilinear relation was seen across levels of maternal habitual nightly sleep duration in early pregnancy for maternal mean-1 hour plasma glucose concentration after a 50-gram oral glucose challenge during weeks 24-28 gestation (Figure 1 ). Maternal mean 1-hour plasma glucose concentrations, adjusted for age and race/ethnicity, were highest for women who reported habitual sleep duration ≤ 4 hours per night during early pregnancy and lowest for those who reported sleeping 9 hours per night on average. Mean glucose concentrations 1-hour after a 50-gram oral glucose challenge were 16.3 mg/dl higher in women who reported sleeping ≤ 4 hours (95% CI 1.1-31.6, p = 0.04), 2.3 mg/dl higher for women who reported sleeping 5-8 hours (95% CI -1.8-6.3, p = 0.27), and 6.3 mg/dl higher for women who reported sleeping ≥ 10 hours (95% CI -0.5-13.2, p = 0.07) compared with those who reported sleeping 9 hours per night. The curvilinear relationship remained evident after participants were stratified on the basis of lean (<25 kg/m 2 ) and overweight (≥25 kg/m 2 ) pre-pregnancy status ( Figure 2a ). As can be seen in Figure 2b , the frequency distribution of women with post-50 gram 1-hour glucose concentration ≥ 140 mg/dl (i.e., the threshold for screen positive for glucose intolerance) also had a curvilinear pattern. Regardless of maternal pre-pregnancy overweight status, both short and long sleep durations were associated with higher frequencies of elevated plasma glucose concentrations (Figure 2b) . Compared with women who did not snore during pregnancy, the adjusted mean 1-hour glucose concentrations were noted to be 6.4 mg/dl higher among those women who snored during pregnancy (β = 6.4 mg/dl, 95% CI 0.32-12.5, p = 0.04).
After adjusting for maternal age and race/ethnicity, women who reported sleeping ≤ 4 hours per night during early pregnancy had a 5.56-fold increased risk of GDM as compared with those women who reported sleeping 9 hours per night (the reference group) (RR = 5.56; 95% CI 1.31-23.69). The positive association remained, though was attenuated somewhat, after further adjustment for maternal pre-pregnancy BMI (RR = 4.18; 95% CI 0.94-18.60). We also noted that associations between short sleep duration and GDM risk were particularly pronounced among overweight women (far right column of Table 2 ). Given the suggestion of a U-shaped relation between sleep duration and GDM risk (with elevated risks for both short and long sleep duration), and given suggestion of a linear trend in risk of GDM for sleep duration ranging from ≤ 4 to 5-8 hours, we modeled the risk of GDM in relation to maternal sleep duration as a continuous variable, restricting the study population to women who reported sleeping <10 hours. In this subgroup analysis, after adjusting for maternal age and race/ ethnicity, a 1-hour increase in nightly sleep was associated with a 15% reduction in GDM risk (RR = 0.85; 95% CI 0.69-1.05); though this association was not statistically significant. When analyses were restricted to overweight women, we noted that the GDM risk was reduced by 24% for each sleep hour increment (RR = 0.76; 95% CI 0.57-1.00 adjusted for maternal age and race/ethnicity), but again the association was not statistically significant. Reported sleep duration before pregnancy was highly correlated with sleep duration during pregnancy (ρ = 0.92, p < 0.002). Results were similar when analyses were repeated using maternal nightly sleep duration prior to pregnancy (data not shown).
As can be seen from the bottom panel of Table 2 , maternal snoring was associated with a statistically nonsignificant 1.86-fold increased risk of GDM (RR = 1.86; 95% CI 0.88-3.94). An elevated risk remained after adjust- 
Discussion
Using sleep duration and snoring information, provided in early pregnancy, we were able to detect associations between sleep characteristics and maternal plasma 1-hour glucose concentrations after a 50-gram oral glucose challenge screening test later in pregnancy. Curvilinear relations were observed across nocturnal sleep duration categories. Additionally, glucose concentrations were statistically significantly elevated among women who snored during pregnancy; and the relative risk of GDM among overweight women who snored, compared to their nonsnoring and lean counterparts was 6.91 (95% CI 2.87-16.6). Collectively, the findings from this pilot study provides evidence consistent with the notion that glucose homeostasis in pregnancy is sensitive to maternal habitual short sleep duration and snoring during pregnancy. To our knowledge, this is the first examination of the relation between plasma glucose concentrations, GDM risk and sleep parameters (i.e., snoring and habitual sleep duration) during pregnancy. A large literature primarily focused on men and nonpregnant women suggest that sleep loss adversely affects glucose metabolism and increases the risk of type 2 diabetes [4, 11, 16, [32] [33] [34] [35] . In their cross sectional study of 740 Canadians (323 men and 417 women), Chaput et al noted that short sleep duration (<7 hours) was associated with prevalent type 2 diabetes (OR = 1.58; 95% CI 1.13-2.31) [33] . Ayas et al, in their study of 70,026 US nurses, followed for 10 years, reported that individuals who slept ≤ 5 hours per night had a significantly higher risk of symptomatic incident diabetes (OR = 1.34; 95% CI 1.04-1.72) [4] . Analysis of data from the Massachusetts Male Aging Study revealed that short sleep duration at baseline (≤5 or 6 hours per night) was associated with elevated risk of developing incident type 2 diabetes after adjustment for covariates, including age, hypertension, smoking, selfrated health, waist circumference, education, total testosterone and cortisol [11] . Further, Gangwisch et al, in their analysis of data from the first National Health and Nutrition Examination Survey (NHANES I) noted that individuals reporting ≤ 5 hours of sleep (OR = 1.47; 95% CI 1.03-2.09) and those reporting sleeping ≥ 9 hours (OR = 1.52; 95% CI 1.06-2.18) had increased risks of developing dia- betes as compared to those reporting 7 hours of sleep [34] . Our findings of elevated risks of incident GDM among women reporting both long and short sleep durations in early pregnancy are consistent with these earlier reports from men and non pregnant women.
Our observations of impaired post-load glucose tolerance and increased risk of GDM among women who snore during pregnancy are also consistent with a growing body of epidemiological evidence that documents markers of the severity of obstructive sleep apnea (OSA) and increased risk of type 2 diabetes in diverse populations of men and non-pregnant women from various geographic regions [32, [36] [37] [38] . In a cross-sectional study of elderly Danish men and women, investigators noted that self-reported snoring was associated with abnormal glucose tolerance test results after control for confounding *All refers to analysis completed on the entire cohort, and after restriction to lean (<25 kg/m 2 ) and overweight (≥25 kg/m 2 ) women, respectively. 1 RRs and 95% CIs are adjusted for maternal age and race/ethnicity. factors [36] . These findings were subsequently corroborated and extended by others, including, Al-Delaimy et al [32] who reported that self-reported regular snoring was independently associated with a 2-fold increased risk (RR = 2.03; 95% CI 1.71-2.40) of developing type 2 diabetes over a 10-year follow-up period. Lindberg et al [37] , in their cross sectional study of 6,799 Swedish women, for instance, reported that self-reported snoring and excessive daytime sleepiness was an independent risk factor for type 2 diabetes (OR = 1.82; 95% CI 0.97-3.43). In a population-based Swedish study of 2,668 men followed for 10-years, investigators reported that the multivariable adjusted relative risk for incident type 2 diabetes was highest for obese snorers (OR = 7.0; 95% CI 2.9-16.9) than for lean non-snorers [38] . In our study we found that the adjusted relative risk of GDM was highest among overweight mothers who snored during pregnancy (OR = 6.91; 95% CI 2.87-16.3) when compared with lean mothers who did not snore. In summary, available data support the notion that habitual snoring may be a risk factor for abnormal glucose metabolism. Our finding extends this literature by adding preliminary evidence that links snoring with pregnancy-related impaired glucose tolerance and GDM. Our present pilot study has several important strengths. First, our determination of maternal sleep duration and snoring was based on reports made early during pregnancy, so reporting was not conditional on pregnancy outcomes or on signs and symptoms of GDM. Our results suggest that habitual short/long sleep duration and snoring precede the clinical diagnosis of GDM. Second, the high follow-up rate (>95%) minimized possible selection bias. However, several limitations merit discussion and consideration. Maternal habitual sleep duration and snoring was obtained from self-report, and thus are likely susceptible to misclassification. Reported sleep duration is known to be only moderately correlated with wrist actigraph-measured sleep duration (ρ = 0.47), and reports are generally longer by approximately 34 minutes for each hour of objectively measured sleep [39] . The use of self-reported snoring as a tool to detect sleep disordered breathing is well established. Investigators have shown that self-reported snoring correlates well with objective findings from nocturnal polysomnography, especially in frequent snorers [40] . Snoring that is infrequent or non-habitual has not been shown to be a useful screen for sleep disordered breathing in large epidemiologic studies [41, 42] . It was therefore necessary to distinguish frequent snorers from infrequent snorers in our study. Our pilot study was also limited by the relatively small sample of GDM cases (n = 68) and the imprecision of relative risk estimates which were reflected by their wide 95% confidence intervals. A total of 251 study subjects had a post-50 gram 1-hour glucose concentration ≥ 140 mg/dl and thus required the follow-up diagnostic 100-gram oral glucose tolerance test (OGTT). Although qualitative results (i.e., normal/abnormal blood glucose concentrations) for the diagnostic test were available for all 251 subjects, specific glucose concentrations for each time point (i.e., fasting; 1-hour; 2-hour; and 3-hour post glucose load) were unavailable for approximately 44% of subjects. Lastly, the generalizability of our study may be limited, as our cohort was primarily comprised of NonHispanic White and well-educated women.
The pathophysiological mechanisms underlying these consistently observed associations of short sleep duration, sleep-related breathing disorders, including snoring, with altered glucose metabolism and diabetes are likely to be multifactorial [2, 43, 44] . Notably, high sympathetic nervous system activity, intermittent hypoxemia, dysregulation of the HPA axis, endothelial dysfunction and alterations in cytokine and adipokine synthesis and release have all been proposed mechanisms for these consistently observed epidemiological observations. Sympathetic hyperactivity can alter glucose homeostasis and induce insulin resistance by increasing glycogen breakdown and gluconeogenesis. Recently, investigators reported that mild sleep restriction induces marked reduction in basal glucagon concentrations [19] . Furthermore, individuals with sleep disorders may be predisposed to insulin resistance and glucose intolerance due to sleep-related dysregulation of the HPA axis with consequent elevations in serum cortisol [16, 45] . In a community dwelling sample of 2,751 middle aged men and women, Kumari et al reported that short sleep duration and increased sleep disturbance are independently associated with diurnal slope in cortisol secretion [45] .
Alternatively, cyclical hypoxemia with re-oxygenation, similar to repeated ischemia-reperfusion damage, may promote the formation of reactive oxygen species that may then elicit the release of pro-inflammatory cytokines including interleukin-6 and tumor necrosis factor-α [46, 47] . Investigators have shown that both acute total and short-term partial sleep loss results in elevated Creactive protein (CRP) concentrations [48] . Notably, investigators have reported that short sleep duration and other parameters of sleep disturbance during mid and late pregnancy are associated with increased systematic inflammation and higher stimulated levels of IL-6 [49, 50] ; and we have previously reported that early pregnancy CRP concentrations are predictive of incident GDM [51] . Collectively, these data suggest that sleep disturbances may augment pro-inflammatory responses that may then contribute to altered glucose metabolism. Causal biological mechanisms for the observed positive, though statistically in-significant association between long sleep duration and GDM are not clear. Some investigators, documenting similar positive association between long sleep duration and type 2 diabetes mellitus speculate that the association may be due in part to residual confounding by undiagnosed health conditions, co-morbid depression, unemployment, or poor general health [1, 4] . Despite unclear mechanisms, the positive relationship between later pregnancy hyperglycemia and GDM risk were evident among women who reported short/long sleep duration and snoring in our cohort. The risks were particularly elevated among overweight women with these sleep disorders.
Conclusion
These preliminary findings suggest associations of short sleep duration and snoring with glucose intolerance and GDM. Though consistent with studies of men and nonpregnant women, larger prospective studies that include objective measures of sleep duration, sleep quality, and sleep apnea during pregnancy are needed to confirm our findings. Enhanced knowledge of possible metabolic consequences of sleep disturbances in pregnancy will likely have important clinical implications in the prevention and treatment of impaired glucose tolerance and GDM among pregnant women.
